The early work of Embden, Parnas, and others showed that there was an intimate relation between the metabolism of phosphate and carbohydrate in yeast, microorganisms, and mammalian tissues. Since then the field has been expanded until now it includes a fairly comprehensive scheme. A brief epitomization of this scheme is necessary for the understanding of the possible relations of insulin to phosphate metabolism. Strongly schematized, such an epitomization may be divided into two parts:
Glycogen + 3 Ph + Ph* 2 pyruvic acid + 4 Ph* + 4 H + 4 E Glucose + 2 Ph + 2 Ph* = 2 pyruvic acid + 4 Ph* + 4 H + 4 E introduction of high-energy phosphate (also via adenosine triphosphate) forms the "active" sugar 1-6 hexose diphosphate. The important oxido-reduction step follows by which the sugar is oxidized eventually to pyruvic acid through the intermediate phosphopyruvic acid with the concomitant formation of four energy-rich phosphates (adenosine triphosphate).
At the oxido-reduction step the electrons donated by the 1-6 hexose phosphate may be accepted by the pyruvic acid subsequently formed, viz:
2 pyruvic acid + 4 H+ + 2 E = 2 lactic acid The scheme then represents the processes of anaerobic glycolysis in muscle. Or the hydrogens may eventually be accepted by molecular oxygen through manifold paths of respiratory intermediary metabolism. The energy-rich phosphate (Ph*) formed is usually con-sidered to be adenosine triphosphate which is in reversible equilibrium with creatine, viz:
Adenosine triphosphate + creatine = creatine phosphate + adenosine diphosphate
In the over-all reaction Ph* is introduced into the reactants in two places and is formed in two places. Inorganic Ph is also introduced in two places. The net result is the formation of an excess of 2 Ph* in the case of glucose and 3 Ph* in the case of glycogen. All steps are catalyzed by specific enzymes and all but two (indicated by one way arrows) are reversible. The role, if any, of insulin in this scheme remains to be determined, but it was natural that the attention of investigators was early attracted to the hypothesis that there might be a close relation between the action of insulin upon phosphate metabolism as well as upon that of carbohydrate. In general, the concept behind these experiments was that insulin at some site and in some manner catalysed the combination of phosphate with glucose and thus hastened its transformation to glycogen or rendered it more "active" for the further steps in its transformation through the glycolytic cycle as it passed to ultimate oxidation. A second objective was to explain through combination with phosphate the rapid disappearance of sugar from blood upon the injection of insulin. Despite a considerable amount of experimentation, particularly since 1922, the precise mode of combination of phosphate with glucose or its intermediates brought about by insulin, its site of action, and the ultimate fate of the supposedly organically bound hexose phosphate remains undetermined. In fact, it is impossible to state that any such action of insulin is operative. Shortly after the discovery of insulin a great many papers appeared on this subject, but about 1930 the number rapidly dwindled. Recently, however, there appears to be a revival of interest in the subject, presumably due to a general interest in phosphorylations, with resultant increase of knowledge in this aspect of carbohydrate metabolism. This phase of the subject has been excellently reviewed recently by Lippmann.28 Urinary and blood phosphate changes following glucose with or without insulin Fiske13 early observed a decreased output of urinary phosphate after sugar ingestion. This observation was rapidly confirmed. 4' 8 When insulin was given to normal animals there was also observed a retention of phosphate,38 but subsequently (about 6 hours) there followed increased phosphate excretion, so that over a sufficiently long period the total phosphate excretion was not much changed or was even increased by 25 to 30 per cent. Insulin + glucose produced essentially the same changes as did insulin or glucose alone. In diabetic dogs38 phosphate excretion was reported high. Insulin produced the typical effect.
In the blood, Harrop and Benedict'9 first associated the reduced urinary phosphate excretion with a fall in the inorganic phosphate of the serum coincidental with the administration of glucose or insulin in normal rabbits. In control experiments with strychnine convulsions no such effect was obtained. Coincident with the disappearance of inorganic phosphate from the serum was a decrease of serum potassium. Harrop found an increase of organic P of the muscle (rabbit). A series of papers followed confirming and extending this observation.2' , 20 34. 7 Pollack et al.37 stressed the time interrelations. They observed that the plasma P returns to normal even though the glucose remains high, a time relation confirmed by subsequent work on blood in normal animals and in man, and also with perfused livers. The effect was more or less localized to the muscle, for Pollack et al. 37 did not observe it in visceral preparations (dogs) although it persisted in eviscerated animals.
In the diabetic animals the injection of glucose only did not produce a fall in plasma inorganic phosphate.37 Markowitz3' observed the same thing. In clinical diabetes there was found a significant relation between the estimated severity of the disease and the fall of plasma inorganic phosphate following glucose ingestion.3' The decreases were either delayed or diminished, or entirely absent.
Indeed, Hartman and Bolliger2' 3 made this phenomenon the basis of a clinical test for measuring the severity of the diabetes. Glucose was administered and the types of blood inorganic P curves were divided into seven groups. In the clinical complete diabetic, in contrast to normal cases, the blood plasma inorganic phosphate remained completely level subsequent to glucose ingestion. The reverse of this observation was made by Friedlander and Rosenthal."5 They reported that injections of sodium phosphate caused striking changes in the blood sugar and glycosuria of diabetic patients in contrast to its lack of effect in normal individuals or depancreatized dogs.
These observations led to the formulation of the general hypothesis that insulin favored the formation of some organic phosphate compound, and a series of papers was published attempting to elucidate the reactions involved.
Blood phosphate partition following glucose or insulin First there were studies on the partition of the acid-soluble phosphate of the blood. Kay and Robison,23 in addition to finding a fall in the inorganic phosphate of the plasma, reported, using rabbits; that there was an increase of the total organic phosphate of the red cells. The total acid-soluble phosphate of the blood was found to be decreased by 5 per cent, but when corrected for a supposed increase of blood volume of 15 per cent this became an increase of 10 per cent or 3.5 mg.%. This extra phosphate, as well as that excreted, must be drawn from the other tissues and may be partly derived from the breakdown of phosphate esters. The increase of organic phosphate found by them in the cells would account for about 40 per cent of the glucose which disappeared from the blood (I:1 ratio). They were inclined to believe that the red cells played a more important role in sugar metabolism than is usually attributed to them. This work was carefully evaluated by Kerr,24 whose experiments brought him to an opposite conclusion. Kerr used dogs and partitioned the acid-soluble phosphate of the plasma and cells. Following insulin, normal dogs showed as usual a fall in the inorganic phosphate of the plasma. In part this was reflected in a fall in the inorganic phosphate of the cells. The total acid-soluble phosphate was found to .be reduced by an average of 4 mg.% of the whole blood. However, the organic phosphate of the cells was found to be unchanged and there was no indication from the water content of the cells or plasma that the blood had suffered any considerable dilution. On the basis of this latter fact Kerr Recently, the question of the total acid-soluble phosphate of the blood following insulin has been again raised by the work of Soskin, Levine, and Hechter,39 who report that the administration of insulin, glucose, or epinephrine to dogs causes an increase of 2-3 mg. % of total acid-soluble phosphate in the face of a decrease of 1-2 mg.% of inorganic P of the blood. They offered no explanation for this finding. Bearing on this problem are the studies of Hynd.2 Hle found with rabbits, following the injection of insulin sufficient to reduce the blood sugar to hypoglycemia levels, that there was a formation of a non-reducing P complex within the cells. Upon hydrolysis this complex yields a reducing substance which is relatively greater in insulinized animals than in the normal. Hynd's results cannot be accepted without confirmation. Upon hydrolysis the proteins of the red cell yield products which were not completely removed by his method of deproteinization and which are themselves reducing. This source of error was not controlled by a determination of the total fermenting reducing substances other than glucose.
Comparatively few carbohydrate compounds or derivatives have been studied in relation to their effect, with or without insulin, upon blood or muscle phosphates. Lambie and Redhead2" report an earlier and heavier fall of blood phosphate after the administration of fructose to experimental animals. Following dihydroxyacetone injection the fall is still greater. Lundsgaard29 reports experiments with fructose-enriched blood perfused through cat liver (v. infra).
The evaluation of the total evidence leads to the conclusion that insulin in association with glucose causes a disappearance of inorganic P chiefly from the plasma. An increase of total acid phosphate is doubtful and the evidence is against the formation within the cell or plasma of increased organic phosphate.
Partition of muscle acid-soluble phosphate followeing insulin + gluhcose Despite many studies on the partition of muscle phosphate following insulin injections either with or without insulin, the fate of the disappearing plasma inorganic phosphate remains obscure. Kay and Robison' found no increase (in eleven rabbits) in the total acid-soluble phosphate of the muscle following insulin, but there was an increase in the amount of phosphate esters hydrolysed during 3 hours' autolysis of the macerated muscle at 38°C. sufficient to account for seven times the amount of glucose which had disappeared from the blood. This phosphate was apparently drawn from other phosphate compounds in the muscle. Audova and Wagner' obtained similar results. Embden, Schmitz, and Meincke1' found no increase of organic phosphate content of rabbit muscle following ingestion of large amounts of glucose and phosphate. Pollack38 reported on the comparative phosphate partition of dog muscle (hind limb) perfused with blood containing glucose and insulin, or glucose, insulin, and phosphate. His analyses included total acid-soluble phosphate, creatine phosphate, hexose monophosphate, pyrophosphate, and glycogen. He was unable to satisfy himself that there was a significant difference in any category of phosphate between the experimental preparations and his control perfused with unsupplemented blood. Particularly to be noted was the absence of any increase in muscle inorganic phosphate despite the presence in the phosphateinjected cases of 20 mg. P/100 cc. of blood. The authors call attention to a small increase of phosphocreatine, but since this readily follows partial anoxemia not too much weight was given to this finding. Pollack called attention to the fact that as much as 400 mg. of phosphate disappeared from the perfusion blood of their preparations, yet on the average he was unable to demonstrate the accumulation of this phosphate in the muscles. The authors also report glycogen changes in their hind-limb preparation. Unfortunately, only 3 of 7 preparations showed increased glycogen, the remainder showing significant losses. The possibility that their preparations were not completely functioning must be borne in mind.
The anomalous fact that epinephrine produces the same changes in serum inorganic phosphate as does insulin was observed by Perlzweig et al. 34 Since the two were antagonistic hormones the situation presented difficulties. In part, this was cleared up by Cori and Cori,8 who found that insulin injection into fasted rats is followed by an increase in the hexose monophosphate fraction of the muscle. When the hypoglycemia was prevented by the simultaneous administration of glucose or when insulin was injected into adrenalectomized animals producing severe hypoglycemia, the hexose monophosphate content of the muscles remained unchanged. Hence it is a secondary output of epinephrine which is responsible for the increase in hexose monophosphate of the muscles. The Coris found, however, that the injection of glucose still resulted in diminution of the inorganic phosphate of the plasma, unaccompanied by any change in the hexose monophosphate content of the muscles. While the temporary diminution of blood P and urinary P might be due to accumulation of organic P in the muscles following insulin or epinephrine, this explanation could not be invoked in the case of the same phenomenon following glucose. It is interesting to note that in 1932 the Coris even ventured the opinion that "hexosephosphate is not an intermediary in the synthesis of glucose to glycogen."
This effect of epinephrine has recently been confirmed and extended by Soskin, Levine, and Hechter,39 who used depancreatized dogs injected with epinephrine and adrenalectomized dogs injected with insulin. The results which they obtained are shown in Table 2 . When insulin in the preparation was eliminated by the prior removal of the pancreas, injection of epinephrine resulted in no change in the inorganic or total acid phosphate of the blood. However, there was a marked increase of muscle hexose monophosphate. In the adrenalectomized animal (adrenals removed one hour before the experiment) the opposite effect was found when insulin was injected. This produced a fall in inorganic blood phosphate with no demonstrable change in the hexose monophosphate A fall of blood inorganic phosphate occurred only with injection of insulin or if the pancreas was present when epinephrine or glucose was injected. In other words, insulin is necessary for the development of this reaction. Epinephrine itself has no effect upon blood phosphate unless it is due to an indirect reflex secretion of insulin consequent to hyperglycemia. The effect of epinephrine is to increase hexose monophosphate by direct action upon the muscle. Insulin itself does not produce this change. The authors concluded that the fall of the blood phosphate following injection of insulin is due to an esterification of the inorganic phosphate outside of the muscle, presumably at many sites including the red blood cells. The hormone would have similar effects in tissues other than the blood, although the precise site of its action is not localized except to include the blood and exclude the musde. Their conception of the action of insulin is that it catalyzes a phosphorylation which facilitates the entry of blood glucose into the cell or into a metabolic cyde preceding and necessary for both glycogen storage and oxidation. However, the authors' finding that the total acid-soluble phosphate is increased is at variance with the work of others (particularly Kerr SUbsequent changes in the content of inorganic phosphate in the plasma proceeded in a uniform manner, i.e., there was an increase of phosphate, leveling off at about one hour. If insulin was added to the blood after an hour of perfusion, the inorganic phosphate content of the plasma decreased rapidly and in the course of an hour it was down to levels which generally were lower than at the beginning of the experimental period. The addition of insulin resulted in an increased glycogen deposition, as shown by the increased disappearance of glucose from the perfusing medium. It is a moot point, however, whether this fall is to be regarded as a simple direct consequence of an increased glycogen deposition. In three experiments in which no insulin was added to the blood, a large quantity of glucose was added at once to the blood an hour after beginning the experi-mental period, with the result that the blood sugar decreased at a higher level. There was simultaneously a synthesis of glycogen in the musde just as large as with the insulin experiments, but there was no fall whatever of the blood phosphate. It would appear from these experiments that there were two types of glycogen synthesis: the first occurring at low blood sugar levels, augmented by insulin and accompanied by a fall of blood phosphate indicating some interaction of glucose with phosphate, the second, a synthesis occurring at high blood sugar levels presumably independent of insulin and not associated with any interaction with blood inorganic phosphate. figure. The inorganic plasma phosphate at first increases slowly. When fructose is added there is a rapid rise of blood sugar accompanied by a rapid fall in plasma phosphate. The blood phosphate returns to high values while the blood sugar is still falling. Using radio-active phosphate, he found a relatively greater activity in the organic phosphate fractions of the liver phosphate. The samples of liver were taken at the end of ten minutes, a time which previous experience had shown the blood phosphate to be at a minimum value. There appeared to be a brisk interchange between the inorganic P of the plasma and that of the liver. There was somewhat greater activity both in the pyrophosphate and in the ester fractions in those experiments in which fructose was injected. Lundsgaard's view is that the From data of Lundsgaard.29 reduction of the inorganic P of the plasma is due to the formation of organic phosphate, especially the pyrophosphate fraction, within the liver. The relation of these findings to insulin action is obscure, since Lundsgaard in a previous publication30 satisfied himself that insulin has essentially no effect upon the metabolism of the perfused cat liver.
Nelson, Rapoport, Guest, and Mirsky33 found, following the injection of insulin in fed and fasted rats, an increase of the inorganic and organic acid-soluble phosphorus in the liver. Injections of adrenalin, on the other hand, resulted in no significant changes. They were inclined to believe from their calculations that the increases of acid-soluble phosphorus in the livers of the rats following insulin could account for the main part of the decrease of inorganic phosphorus of the blood plasma.
Experiments upon the effect of insulin upon the equilibria 6-hexose phosphate = 1 -hexose phosphate . glycogen + phosphate Interesting experiments on these equilibria have also been reported. Cori, Colowick, and Cori7 stated that in tissue extracts a zinc-free insulin preparation has no effect upon the transformation of 1-ester to 6-ester. Insulin was also without effect on the formation of 1-ester from glycogen and inorganic phosphate in such muscle extracts.
The effect of insulin in inhibiting the formation of 6-hexose phosphate from glycogen in muscle extracts reported by Gill and Lehmann" appears to be explained. They found that when small amounts of magnesium, a necessary component of the system, are Sr1 52ALE JOURNAL OF BIOLOGY AND MEDICINE present the addition of insulin inhibits the formation of the phosphate ester from glycogen by muscle extracts. However, this effect vanished when large amounts of magnesium were present. They also found that this insulin effect could be imitated by the addition of non-specific proteins other than insulin. Their explanation was that insulin forms a non-ionized complex with the magnesium thus taking it out of the system, hence the formation of the ester, which requires magnesium, is prevented. Upon the basis of these experiments it appears unlikely that insulin has any effect upon this non-oxidative interaction of phosphate with these carbohydrate derivatives.
Taubenhaus, Levine, and Soskin" appear to have misinterpreted the findings of Gill and Lehmann, for they invoked the non-specific effect of insulin as a protein upon the formation of 6-hexose phosphate from glycogen to support a theory of insulin action. They removed a control lobe of the liver of nembutalized normally fed dogs, injected 1 unit/kg. of insulin, and after 45 minutes removed the remainder of the liver. Breis were made and equilibrated with the addition of varying concentrations of glucose. The rate of appearance of free sugar was measured. They found a significantly lower rate of appearance of free sugar in the samples removed after the administration of insulin. When glucose was added in vitro to both sets of liver samples, the rate of glycogenolysis was inhibited to a greater extent and by smaller amounts of added glucose in the "insulinized" samples.
On the basis of these experiments and the inhibitory action of insulin reported by Gill and Lehmann (now shown by these latter authors to be a non-specific protein effect) Soskin, Levine, and Hechter89 suggest the following scheme for the regulation of carbohydrate transformation in the liver by insulin: Glycogen
It I --Inhibited by glucose 1-hexose phosphate I t---Inhibited by insulin 6-hexose phosphate
In the face of the negative evidence on the influence of insulin upon these non-oxidative phosphate reactions this scheme as an explana-tion of the results of Taubenhaus, Levine, and Soskin42 remains unsupported.
Levine, Soskin, and Feinstein,27 using the abdominal muscles of mice in vitro, reported that the addition of insulin in the presence of glucose brought about an increase of organic phosphate associated with the increased deposition of glycogen. Stadie and his coworkers41 subjected this aspect of phosphate metabolism to an exhaustive study. Using in vitro paired diaphragms from normal rats they studied the glycogen deposition under the influence of added insulin. They were unable to find, under a wide variety of conditions, any accumulation of organic phosphate due to insulin, despite the fact that there was regularly a systematic and highly reproducible effect of insulin upon the conversion of glucose to glycogen in these preparations. One of their series of experiments in which the glucose of the medium was varied in concentration is given in Table 5 .
It will be seen from the column showing the difference in the organic phosphate without and with insulin that there is no significant effect of insulin in bringing about an accumulation of organic phosphate in the muscle, although there was a marked insulin effect upon glycogen synthesis.
From experiments with fluoride the same conclusion with respect to accumulations of organic phosphate was made. These negative results, however, do not rule out the possibility that insulin may be influencing phosphorylations during glycogen formation. For it is quite possible that rates of reactions may be markedly influenced without producing sufficient changes in the concentrations of the reacting components in the tissues to be detected experimentally. Comparatively few experiments have been found. Lambie and Redhead2" found that whereas in the diabetic (2 cases) glucose pro-duced no fall in the blood phosphate, the injection of dihydroxyacetone produced a very rapid fall (1-10 minutes). In normals the decrease of the blood P was greater and more rapid than with glucose. Fructose was intermediate (in normals). There were accompanying increases of total 02, and the RQ was greater and more rapid with dihydroxyacetone than with glucose both in normals and diabetics. The authors subscribed, to the hypothesis that dihydroxyacetone (independent of insulin) short-circuited some phosphorylating reaction which in the case of glucose requires insulin. The interesting possibilities offered by this observation appear not to have been further explored.
In rabbits and mice the injection of mono-and diphosphoric esters of hexose (Marks and Morgan32) appears not to relieve the symptoms of hyperglycemia following insulin. In the light of reported increases of organic phosphate in blood after insulin this observation is interesting. Why substances which are formed during the glycolytic cycle within the cell, and are thus part of the oxidative interactions of cellular carbohydrate oxidation, have no effect when given parenterally is difficult to explain. The current interpretation is that as phosphate esters glucose cannot permeate into the cell although the formation of hexose esters at the cell surface may be necessary for permeation, at least at low concentrations of blood glucose.
Forrai"4 reports that the diphosphatase obtained from tissues by extraction is uninfluenced in vitro by addition of insulin.
Summary
The pertinent papers which present experimental work bearing upon the problem as to whether insulin affects the metabolism of phosphate have been reviewed and discussed. There is, on the whole, plenty of evidence that such is the case. Particularly is this so when the interrelations of carbohydrate and phosphate metabolism are considered. However, it must be stated that the precise chemical mechanisms by which this effect of insulin is brought about are far from elucidated, and in fact at this moment they evade particularization. The recent emphasis upon the modes of formation of intermediary compounds containing energy-rich phosphate bonds has given new zest to this old problem. Undoubtedly the intro-duction of this new point of view will stimulate further investigations on the role of insulin in phosphate metabolism which should bring forth much interesting and informative work.
